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Sec1/Munc18 (SM) proteins are required for ev-
ery step of intracellular membrane fusion, but
their molecular mechanism of action has been
unclear. In this work, we demonstrate a funda-
mental role of the SM protein: to act as a stimu-
latory subunit of its cognate SNARE fusion
machinery. In a reconstituted system, mamma-
lian SNARE pairs assemble between bilayers to
drive a basal fusion reaction. Munc18-1/nSec1,
a synaptic SM protein required for neurotrans-
mitter release, strongly accelerates this reac-
tion through direct contact with both t- and
v-SNAREs. Munc18-1 accelerates fusion only
for the cognate SNAREs for exocytosis, there-
fore enhancing fusion specificity.
INTRODUCTION
SNARE (soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptor) proteins comprise the core fusion
machinery in which cognate vesicle-associated (v-) and
target membrane-associated (t-) SNAREs assemble into
SNAREpins to bring twomembranes into close apposition
and fuse (Hu et al., 2003; Weber et al., 1998). Each fusion
event must satisfy two fundamental physical require-
ments: (1) fusion must be fast enough or of high enough
probability to meet the physiological requirements of
that trafficking step, and (2) fusion must be specific such
that vesicles release their contents after encountering
the correct target membrane. As such, there is consider-
able interest in uncovering regulatory factors that might
modulate one or the other of these inherent properties of
SNARE proteins (Jahn et al., 2003).
The Sec1/Munc18 (SM) family of proteins may serve
one or both of these functions. First isolated in genetic
screens in yeast and C. elegans (Brenner, 1974; Novick
and Schekman, 1979), SM proteins act at specific steps
of intracellular membrane transport, and deletions of the
genes invariably lead to a blockage of fusion at their
respective sites (Gallwitz and Jahn, 2003; Peng, 2005;Rizo and Sudhof, 2002; Schekman and Novick, 2004;
Toonen and Verhage, 2003). SM proteins directly interact
with SNAREs, yet the details of this interaction appear to
differ dramatically across pathways or organisms such
that binding to SNARE proteins in different systems may
require ‘‘closed’’ syntaxins, syntaxin N-terminal peptides,
or assembled SNARE complexes. The mechanistic con-
sequences of these interactions are uncertain, though
one interesting possibility has emerged from studies on
yeast exocytic SNAREs: yeast Sec1p can bind to exocytic
t-SNAREs and increase the rate of SNARE-mediated
membrane fusion in a liposome assay (Scott et al.,
2004). Whether this could constitute one component of
a general principle for SM protein action is unknown.
Mechanistic generalizations are complicated by the fact
that the Sec1p-SNARE interaction does not involve two
key binding modes observed in other SM-SNARE
pairs—namely the syntaxin N-terminal peptide binding
and the closed syntaxin interaction (Toonen et al., 2005).
Here, we investigate how SM proteins regulate SNARE-
dependent membrane fusion by using synaptic vesicle
fusion as a model taking advantage of the large amount
of genetic and physiological data that are already avail-
able for synaptic exocytosis (Brunger, 2006; Chen and
Scheller, 2001; Jackson and Chapman, 2006; Jahn and
Scheller, 2006; Koh and Bellen, 2003; Sudhof, 2004).
Fusion of neurotransmitter-filled synaptic vesicles with
the plasma membrane, which serves as the brain’s major
form of cell-cell communication, is catalyzed by three
SNARE proteins: syntaxin 1 and SNAP-25 (t-SNAREs)
and VAMP2/synaptobrevin (v-SNARE) (Sollner et al.,
1993). Munc18-1, a neuron-specific SM protein, is re-
quired for neuronal/exocyticmembrane fusion, as demon-
strated in a variety of organisms including nematodes
(unc-18), flies (ROP), and mice (Munc18-1) (Harrison
et al., 1994; Verhage et al., 2000; Voets et al., 2001;
Weimer et al., 2003; Wu et al., 1998). Genetic and physio-
logical studies aiming to understand the molecular mech-
anism of Munc18-1, however, are confusing and some-
times even contradictory, with both positive and
negative roles documented for Munc18-1 (Bryant and
James, 2001; Gallwitz and Jahn, 2003; Peng, 2005; Rizo
and Sudhof, 2002; Toonen and Verhage, 2003). A signifi-
cant body of biochemistry provides a possible explanationCell 128, 183–195, January 12, 2007 ª2007 Elsevier Inc. 183
Figure 1. Munc18-1 Strongly Stimulates Neuronal/Exocytic SNARE-Mediated Membrane Fusion
(A) Incubation procedures for liposome fusion reactions.
(B) v- and t- SNARE liposomes were mixed and incubated at 4C with 5 mM Munc18-1 protein or an equal volume of protein buffer. Incubation was
continued at 4C for 3 hr before the temperature was elevated to 37C to start fusion. To block the formation of trans-SNARE complexes, the cyto-
plasmic domain of VAMP2 (cdv2) was added to a final concentration of 20 mM (negative controls). The effect of Munc18-1 was also tested on lipo-
somes without preincubation, in which the v- and t-SNARE liposomes were directly mixed with Munc18-1 or buffer at 37C (no preincubation). The
first 20 min of the fusion reactions were shown to highlight the initial fusion rates. A 2 hr fusion reaction is shown in Figure 3.
(C) Munc18-1 was incubated with t- or v-liposomes for 3 hr at 4C before the liposomes were warmed up to 37C andmixed with prewarmed cognate
liposomes to start fusion.
(D) Dose dependence of the stimulatory activity of Munc18-1 on membrane fusion. The plot depicts the fold activation of the initial liposome fusion
rate with varying Munc18-1 concentration. Error bars equal standard deviation.for such a negative role: Munc18-1 binds to and locks mo-
nomeric syntaxin 1 in a closed conformation that prevents
formation of the synaptic SNARE complex (closed mode
of binding) (Dulubova et al., 1999; Hata et al., 1993; Misura
et al., 2000; Rickman and Davletov, 2005). While this neu-
ron-specific bindingmode ofMunc18-1 likely plays impor-
tant roles in synaptic physiology, it is not conserved
among SM proteins of other trafficking pathways. Thus,
how Munc18-1 and other SM proteins may positively reg-
ulate membrane fusion remains a critical outstanding
question in synaptic and cellular biology.
RESULTS
Munc18-1 Constitutes a Stimulatory Subunit of the
Neuronal/Exocytic Membrane Fusion Machinery
The complexity of the cellular environment precludes
delineating the molecular mechanism of Munc18-1 in in-
tact cells. To this end, we utilize a defined fusion system184 Cell 128, 183–195, January 12, 2007 ª2007 Elsevier Inc.(Weber et al., 1998), in which SNAREs are reconstituted
into liposomes at physiologically relevant surface densi-
ties (Takamori et al., 2006) and in which regulatory pro-
teins can be added or altered individually in the absence
of other proteins that are naturally present. Fusion of lipid
bilayers results from SNARE complexes formed between
v- and t-SNARE liposomes and is monitored by lipid
mixing by using fluorescence resonance energy transfer
(FRET).
Recombinant Munc18-1 protein was expressed in
E. coli and directly added to liposomes reconstituted
with synaptic/exocytic SNAREs (syntaxin 1, SNAP-25,
and VAMP2) (Figure 1A). When t- and v-liposomes were
mixed in the presence of Munc18-1 at the start of the
fusion assay, Munc18-1 had little effect on the fusion
kinetics, suggesting that it does not affect the initial
assembly of trans-SNARE complexes (Figure 1B). We
next consideredwhetherMunc18-1might act upon a tran-
sient, partially assembled SNARE intermediate as has
Figure 2. Munc18-1 Selectively Acts on Assembled SNARE Complexes
(A) Incubation procedures for liposome fusion reactions catalyzed by preassembled SNARE complexes.
(B) v- and t- liposomes were incubated with Munc18-1 or buffer for 3 hr at 4C before the temperature was elevated to 37C to start fusion. For fusion
mediated by preassembled SNAREs, inhibitory cdv2 was added after the 4C liposome preincubation to block unpaired t-SNAREs. Negative controls
are as in Figure 1B.
(C) Preincubation of Munc18-1 with t- or v-SNARE liposomes.been observed with other regulatory factors. For example,
complexin binds to trans-SNARE complexes to clamp
membrane fusion at a late stage of SNARE assembly
(Giraudo et al., 2006). Preincubation of liposomes at 4C
allows otherwise transient intermediate SNARE assem-
blies to accumulate, which is required for complexin to
bind and exert its inhibitory role (Schaub et al., 2006).
We found that preincubation of the liposomes indeed led
to SNARE complex formation and vesicle clustering (see
Figure S1 in the Supplemental Data available with this ar-
ticle online). When t- and v-SNARE liposomes were prein-
cubated at 4C for 3 hr prior to elevating the temperature
to 37C, Munc18-1 strongly stimulated the initial rate of
fusion (Figure 1B). Essentially no fusion occurred during
the 3 hr preincubation period (Figure 1B). The maximum
stimulation (6-fold) was reached with 4 mM Munc18-1,
similar to the concentration of t-SNARE proteins present
on the liposomes (Figure 1D), suggesting a stoichiometric
interaction between Munc18-1 and the SNAREpin. Inter-
estingly, synaptic transmission in the fly exhibits a similar
Rop/Munc18-1 dose dependence (Wu et al., 1998).
Fusion was completely blocked by coincubation with
the inhibitory cytoplasmic domain of VAMP2 (cdv2)
(Figure 1B), which prevents trans-SNARE assembly
(Weber et al., 1998). Thus, Munc18-1 acts by facilitatingthe SNARE-mediated fusion pathway rather than by caus-
ing fusion via an alternative mechanism.
The requirement for vesicle preincubation suggests that
Munc18-1 specifically acts on a transient, partially assem-
bled intermediate of the SNARE complex and promotes
the progression of the fusion pathway. Indeed, preincuba-
tion of Munc18-1 with either t- or v-SNARE liposomes
alone resulted in little activation (Figure 1C). The robust
stimulation of fusion by Munc18-1 suggests that binding
of Munc18-1 to the SNARE intermediate was efficient.
However, even after 4C preincubation, a certain fraction
of SNAREs remains unpaired (Weber et al., 1998) (Fig-
ure S1B) and drives a basal fusion reaction that is not
activated by Munc18-1, thus confounding the quantitative
analysis of the stimulatory activity of Munc18-1. We next
selectively blocked those unpaired SNAREs by adding in-
hibitory cdv2 at the same time the temperature was
shifted to 37C (Figures 2A–2C). As a result, the stimula-
tory effect of Munc18-1 on SNARE-catalyzed membrane
fusionwas dramatically amplified, withMunc18-1 increas-
ing the initial rate of membrane fusion by more than
20-fold (Figure 2B). Within 20 min, Munc18-1 allowed
nearly 40% of v-liposomes to complete one round of fu-
sion. In contrast, basal fusion (fusion without Munc18-1)
was indistinguishable from background levels (whereCell 128, 183–195, January 12, 2007 ª2007 Elsevier Inc. 185
Figure 3. Munc18-1 Specifically Activates Neuronal/Exocytic SNARE Pairs
(A) Fusion of neuronal t-SNARE (syntaxin 1 and SNAP-25) liposomes with v-SNARE liposomes reconstituted with various v-SNAREs in the presence
or absence of 5mM Munc18-1. (Top) Standard activation curves as in Figure 1. (Bottom) Preassembled SNAREs as in Figure 2.
(B) Liposomes containing lysosomal/late endosomal (LE) t-SNAREs (syntaxin7, Vti1b, and mTlg1/syntaxin8) or constitutive/nonneuronal exocytic
t-SNAREs (syntaxin 4 and SNAP-23) were mixed with VAMP8 or VAMP2 liposomes in the absence or presence of 5 mM Munc18-1.
(C) Diagram showing the effects of Munc18-1 on membrane fusion catalyzed by various t- and v-SNARE combinations. Red, cognate neuronal/
exocytic SNARE pairs. Blue, SNARE pairs not activated by Munc18-1. n-t-SNAREs, neuronal/exocytic t-SNAREs (syntaxin 1 and SNAP-25); LE-
t-SNAREs, lysosomal/late endosomal t-SNAREs (syntaxin 7, Vti1b, and mTlg1); c-t-SNAREs, constitutive/nonneuronal exocytic t-SNAREs (syntaxin
4 and SNAP-23). Error bars equal standard deviation. Dashed line indicates the basal fusion level (without Munc18-1 activation). * VAMP7 fuses less
well than other v-SNAREs.SNAREs were all inactivated by inhibitory cdv2). This
dramatic stimulatory effect is also supported by the coim-
munoprecipitation (CoIP) results demonstrating that
Munc18-1 significantly promotes the formation of cdv2-
resistant SNAREpins (Figure S1B). This strong depen-
dence of membrane fusion on Munc18-1 agrees well
with the dramatic reduction of neuronal vesicle fusion
observed in Munc18-1 null animals (Harrison et al.,
1994; Verhage et al., 2000; Voets et al., 2001; Weimer
et al., 2003; Wu et al., 1998). Together, these data demon-
strate that Munc18-1 constitutes a stimulatory subunit of
the SNARE complex and strongly accelerates an other-
wise slow fusion reaction.
Munc18-1 Selectively Activates Neuronal/Exocytic
SNARE Pairs
We next examined whether the stimulatory activity of
Munc18-1 is specific to the SNAREs mediating neuronal
exocytosis. Within the late secretory and endocytic path-186 Cell 128, 183–195, January 12, 2007 ª2007 Elsevier Inc.ways, individual t- or v-SNAREs can pair with multiple
other SNAREs to allow a certain level of crosstalk. This tar-
geting flexibility is recapitulated in liposome reconstitution
experiments, where, for example, the yeast plasma mem-
brane t-SNARESso1p/Sec9p can fuse efficiently with pro-
teoliposomes carrying Snc1p, Snc2p, Nyv1p, or Sec22p
and themammalian endosomal t-SNARE syntaxin 13/syn-
taxin 6/vti1A fuses equally well with VAMP2, VAMP4, and
VAMP8 (Brandhorst et al., 2006; McNew et al., 2000). To
explore the intrinsic specificity of the neuronal t-SNARE,
we mixed syntaxin 1/SNAP-25 liposomes with liposomes
bearing v-SNAREs involved in the constitutive exocytic
(VAMP3/cellubrevin), the early endosomal (EE) (VAMP4),
the lysosomal/late-endosomal (LE) (VAMP7 and VAMP8/
endobrevin), or the yeast exocytic/endocytic (Snc2p) path-
ways. Fusion was observed in all cases (Figure 3A). Fusion
with VAMP7 was less efficient than with other v-SNAREs
(Figure 3A), perhaps due to the presence of an N-terminal
inhibitory longin domain (Pryor et al., 2004).
We then extended our study to nonneuronal t-SNAREs.
We found that liposomes reconstituted with lysosomal/LE
t-SNAREs—syntaxin 7, Vti1b, and mTlg1/syntaxin 8—
could fuse with neuronal/exocytic VAMP2 liposomes to
a degree comparable to fusion with its cognate VAMP8
liposomes (Figure 3B, left). Similarly, liposomes reconsti-
tuted with constitutive/nonneuronal exocytic t-SNAREs
syntaxin 4 and SNAP-23 could fuse equally well with
VAMP2 and VAMP8 liposomes (Figure 3B, right). Thus, ev-
ery endocytic/exocytic SNARE pair tested here was able
to mediate liposome fusion at a comparable (slow) rate.
Next we examined how Munc18-1 affects the fusion
reactions catalyzed by these cognate and noncognate t-
and v-SNARE pairs. Strikingly, of all the tested SNARE
combinations, only the cognate neuronal/exocytic SNARE
complexes (syntaxin 1, SNAP-25, and VAMP2/VAMP3)
were strongly activated by Munc18-1. The ability of
VAMP3 to partially support Munc18-1 activation agrees
well with the finding that VAMP3 can partially compensate
for the deletion of VAMP2 in calcium-triggered exocytosis
(Bhattacharya et al., 2002; Borisovska et al., 2005). For all
other SNARE combinations, Munc18-1 was essentially
without effect (Figures 3A and 3B, top). When the fusion
reactions were driven solely by preassembled SNARE
complexes (Figure 2A), only the neuronal/exocytic SNARE
pairs (syntaxin 1, SNAP-25, and VAMP2/3) elicited ap-
preciable fusion in the presence of Munc18-1, while
membrane fusion mediated by other SNARE pairs was
essentially eliminated (Figures 3A and 3B, bottom, and
Figure 3C). Thus, Munc18-1 selectively activates the cog-
nate neuronal/exocytic SNARE complex.
Interestingly, among those fusion reactions not acti-
vated by Munc18-1, two were catalyzed by physiologi-
cally cognate SNARE pairs involved in lysosomal/LE
fusion (syntaxin 7, Vti1b, mTlg1, and VAMP8) or constitu-
tive/nonneuronal exocytosis (syntaxin 4, SNAP-23, and
VAMP2) (Antonin et al., 2000; Chen and Scheller, 2001;
Paumet et al., 2005). The inability ofMunc18-1 to stimulate
fusion by these SNARE pairs is consistent with the com-
partment-specific activity of SM proteins observed in
genetic studies (Verhage et al., 2000; Voets et al., 2001;
Weimer et al., 2003).
Mutations in VAMP2 That Decrease Munc18-1
Stimulation Reduce Exocytosis In Vivo
How can Munc18-1 selectively activate fusion by the cog-
nate SNARE pair? The simplest possibility is that Munc18-
1 simultaneously binds to both t- and v-SNARE proteins.
This is also consistent with our finding that Munc18-1
acts on assembled SNARE complexes, yet little is known
about the binding of SM proteins to v-SNAREs. We intro-
duced point mutations into VAMP2 and examined if any
of these mutations affect the activation of fusion by
Munc18-1 without affecting basal fusion in the absence
of Munc18-1. Four pairs of VAMP2 residues were chosen
based on two criteria: (1) they are conserved in VAMP3,
a v-SNARE that can also be activated by Munc18-1, and
(2) they are distributed between the helical bundle-forminglayer residues such that they may be exposed on the sur-
face of SNAREs to interact with regulatory proteins such
as Munc18-1 (Figure 4A). These residues were mutated
into corresponding sequences in VAMP8, a v-SNARE
that does not support Munc18-1 stimulation (Figure 4A).
We found that the double mutations located adjacent to
the 3 and 0 layers of the VAMP2 SNARE domain
(R47T/V48Q or D57G/Q58E) had little effect on Munc18-
1 stimulation (Figure 4B). In contrast, in double mutations
located adjacent to the +1 and +5 layers of the SNARE
motif (S61D/E62H or S75E/Q76H), the stimulation of
membrane fusion by Munc18-1 was largely abolished
(Figure 4B), while basal fusion was unaffected.
Thus Munc18-1 functionally interacts with membrane-
proximal sequences of the VAMP2 SNARE domain, which
could be expected—due to their location—to influence
the rate of fusion. Interestingly, mutation of a three-residue
motif (S75/E78/T79) within this region has previously been
shown to reduce calcium-triggered exocytosis in chro-
maffin cells (Sorensen et al., 2002). We next generated
the same triple mutant that had been tested in vivo
(S75A/E78A/T79A) and found that the mutations markedly
decreased Munc18-1-stimulated fusion (Figure 4B).
Again, the SNARE-mediated basal membrane fusion
was unaffected. Thus, these loss-of-function VAMP2
mutations selectively disrupt the functional interaction
between Munc18-1 and SNAREs without affecting the
catalytic activities of the core SNARE fusion machinery
(Figure 4B).
In addition to the SNARE domain, VAMP2 has a short
proline-rich N-terminal region required for optimal cal-
cium-triggered neuronal exocytosis (Borisovska et al.,
2005). We found that deletion of this region (aa 1–28)
had no effect on the basal SNARE-mediated membrane
fusion, but the stimulation by Munc18-1 was decreased
by about half (Figure 4B), comparable to the reduction of
calcium-evoked exocytosis in vivo (Borisovska et al.,
2005).
Thus Munc18-1 discriminates cognate SNAREpins via
interactions involving both the SNARE motif and the N-
terminal regulatory domain of the v-SNAREs (Figure 4C).
The effect of mutation or deletion of these sequences in
our in vitro assay correlates well with established conse-
quences of the same mutations on in vivo calcium-
triggered exocytosis (Figure 4D).
Munc18-1 Functionally Interacts with the N-Terminal
Motif of Syntaxin 1, Suggesting a Common Mode of
Action across the SM Protein Family
We next asked whether the conserved Habc domain of
syntaxin 1 might play a role in Munc18-1 function. A
thrombin-cleavage site was previously introduced into
syntaxin 1 between the Habc domain and the core motif
(Parlati et al., 1999).We found that this thrombin-cleavable
syntaxin 1 could be stimulated by Munc18-1 to a similar
extent as WT syntaxin (Figure 5A). However, when the
Habc domain was removed by thrombin proteolysis
(Figure S2), the stimulatory activity of Munc18-1 wasCell 128, 183–195, January 12, 2007 ª2007 Elsevier Inc. 187
Figure 4. Mutations in VAMP2 That Decrease Munc18-1 Stimulation Reduce Exocytosis In Vivo
(A) Sequence alignment of VAMP2, VAMP3, and VAMP8 showing the mutations tested in the study. Light blue, VAMP2 residues 1–28 deleted in
VAMP2 DN mutant. Yellow, VAMP2 residues mutated to corresponding VAMP8 sequences. Bold and underlined, a three-residue motif mutated in
our reconstituted assay as well as in an in vivo-regulated exocytic system (S75A/E78A/T79A). SNARE layer residues are numbered and indicated with
asterisks.
(B) Fusion of WT t-SNARE liposomes with WT or mutant VAMP2 (V2) liposomes in the absence or presence of 5 mM Munc18-1. (Top) Standard
activation curves. (Bottom) Fusion reactions catalyzed by preassembled SNAREs.
(C) Fold activation of the fusion reactions in Figure 4B.
(D) Diagram correlating the effects of the VAMP2 mutations on the stimulatory activity of Munc18-1 and on in vivo exocytosis. The stimulation of WT
neuronal/exocytic SNAREs (syntaxin 1, SNAP-25, and VAMP2) by Munc18-1 was set as 100%. The standard activation of mutant SNARE liposomes
(green bars) or activation of preassembled SNAREs (blue bars) is shown as percentage of WT SNAREs. Standard deviation (%), (1) green bars (left to
right, 7.9, 4.2, 8.4, and 3.1) and (2) blue bars (left to right, 12, 2.27, 7.4, and 3.9). *In vivo data of calcium-triggered exocytosis were based on published
results (Borisovska et al., 2005; Sorensen et al., 2002), with the mutants normalized to WT conditions (red bars).completely abolished. As published previously (Parlati
et al., 1999), removal of the Habc domain caused an
increase of basal fusion (Figure 5A). Full-length SNAREs,
although inherently less active than the DHabc mutant,
could nonetheless be activated by Munc18-1 to a level
significantly exceeding the DHabc mutant (Figure 5A), sug-
gesting that the Habc domain of syntaxin 1 plays an active
role in the Munc18-1 stimulation of fusion. The Habc
domain is known to be critical for the binding of188 Cell 128, 183–195, January 12, 2007 ª2007 Elsevier Inc.Munc18-1 to the closed syntaxin 1 monomer (Dulubova
et al., 1999; Misura et al., 2000). However, in our assay,
syntaxin 1 molecules present on t-SNARE liposomes are
already complexed with SNAP-25 and thus cannot adopt
the closed conformation (Dulubova et al., 1999). To
confirm this, we introduced point mutations (L165A,
E166A) into syntaxin 1, creating a constitutively ‘‘open’’
mutant that has a dramatically decreased affinity for its
binary interaction with Munc18-1 (Dulubova et al., 1999;
Figure 5. A Functional Interaction between Munc18-1 and the N-Terminal Peptide Motif of Syntaxin 1
(A) Syntaxin 1 proteins containing a thrombin cleavable Habc domain were reconstituted in the place of WT syntaxin 1. Liposomes were treated with
thrombin or buffer and repurified by Accudenz gradient flotation as described (Parlati et al., 1999). Full-length SNAREs or SNAREs DHabc were tested
for Munc18-1 activation as in Figure 4B.
(B) Alignment of the N-terminal sequences of syntaxin 1 from multiple organisms. Corresponding sequences in Saccharomyces cerevisiae (yeast)
Sed5p and rat syntaxin 5 are also shown. Conserved charged residues are highlighted in blue, and the hydrophobic residues are shown in red.
(C) The effects of syntaxin N-peptide mutations (D1-19 or L8A) or open mutations (L165A, E166A) on the stimulatory activity of Munc18-1.
(D) Diagram showing the effects of syntaxin mutations on Munc18-1 stimulation. Error bars equal standard deviation.Richmond et al., 2001).When this openmutant was recon-
stituted into t-SNARE liposomes in place ofWT syntaxin 1,
Munc18-1 was still able to stimulate fusion to an extent
comparable to the fusion of WT t-SNARE liposomes
(Figure 5C). Thus the requirement for the N terminus of
syntaxin 1 inMunc18-1 stimulation is not due to the closed
conformation of syntaxin 1.
Another mode of syntaxin-SM association involves
short N-terminal peptides of syntaxins (N-peptide binding
mode). This interaction is of sufficiently high affinity to be
captured biochemically and crystallographically in certain
SM-syntaxin complexes but has not been reported for
Munc18-1-syntaxin 1 (Bracher and Weissenhorn, 2002;
Dulubova et al., 2002; Yamaguchi et al., 2002). Disruption
of this interaction in other syntaxin-SM pairs can lead to
membrane transport defects in vivo (Dulubova et al.,
2003; Williams et al., 2004; Yamaguchi et al., 2002). In-
triguingly, the extreme N terminus of syntaxin 1 contains
a consensus sequence that is conserved across speciesand is similar to the N-terminal motifs found in other syn-
taxin isoforms (Figure 5B), suggesting that the N-peptide
mode of binding may be conserved in Munc18-1. Indeed,
a related exocytic SM protein Munc18c (Munc18-3)
specifically binds to the N-terminal motif of syntaxin 4
(Latham et al., 2006; ter Beest et al., 2005), although the
role of this binding is not known.
We next examined the involvement of this N-peptide in
the stimulatory activity of Munc18-1. When the N-terminal
19 residues of syntaxin 1 were removed, the stimulatory
effect of Munc18-1 on fusion was abolished (Figure 5C).
Sequence alignment and structural analysis suggest that
the Leu8 residue of syntaxin 1 is evolutionally conserved
and corresponds to Phe10 in the ER/Golgi SNARE
Sed5p/syntaxin 5 (Figure 5B) (Bracher and Weissenhorn,
2002). The Phe10 of Sed5p protrudes into a hydrophobic
pocket of its cognate SM protein Sly1p and is required for
their high-affinity binding (Bracher and Weissenhorn,
2002; Yamaguchi et al., 2002). We found that mutationCell 128, 183–195, January 12, 2007 ª2007 Elsevier Inc. 189
Figure 6. Munc18-1 Binds to Neuronal/Exocytic SNARE Complexes
(A) GST-Munc18-1 was used to pull down WT or mutant SNAREs. Protein complexes were resolved by SDS-PAGE followed by Coomassie blue
staining (left) or western blotting with indicated antibodies (right). *SNAP-25 comigrates with a nonspecific protein on the SDS-PAGE.
(B) CoIP of Munc18-1 with SNAREs. Immunoprecipitates were resolved on SDS-PAGE and analyzed by western blotting.
(C) Coomassie blue-stained SDS-PAGE gel showing the binding of Munc18-1 to liposomes. Lanes 1–6, float-up results showing the binding of
Munc18-1 to indicated liposomes. Liposomes containing tertiary neuronal/exocytic SNARE complexes were prepared by incubating the cytoplasmic
domain of VAMP2 (dashed arrow) with WT t-SNARE liposomes overnight at 4C. Lanes 7–13, input materials.of Leu8 into Ala dramatically reduced the stimulatory func-
tion of Munc18-1 in SNARE-catalyzed membrane fusion
(Figure 5C). The basal membrane fusion mediated by the
mutant SNAREs was comparable to that mediated by
WT SNAREs (Figure 5C), indicating that the overall struc-
ture of syntaxin 1 protein was unaffected by these muta-
tions. These results establish that the N-peptide binding
mode is conserved in Munc18-1 and is functionally
required for the stimulatory activity of Munc18-1 in our
reconstituted system.
Munc18-1 Interacts with Neuronal/Exocytic
SNARE Complexes
Others have shown that Munc18-1 preferentially binds to
the closed monomeric syntaxin 1 (Dulubova et al., 1999;
Yang et al., 2000). However, the ability of Munc18-1 to190 Cell 128, 183–195, January 12, 2007 ª2007 Elsevier Inc.act upon assembled SNARE complexes and to select
for specific syntaxin and VAMP isoforms (Figures 2 and
3) suggests that Munc18-1 engages the SNARE com-
plexes through interactions distinct from the closed
mode of binding. To test this, we probed the interaction
of Munc18-1 with SNAREs by coprecipitation in solution.
We found that GST-Munc18-1 could stoichiometrically
coprecipitate SNARE complexes while control GST pro-
tein could not (Figure 6A, left). Western blots confirmed
the identities of the individual SNAREs coprecipitated
with Munc18-1 (Figure 6A, right). Interestingly, when the
N-peptide motif of syntaxin 1 wasmutated, the interaction
was dramatically reduced and the residual weak interac-
tion could only be detected bywestern blotting (Figure 6A).
The open syntaxin mutations, however, had no effect on
the interaction. Although the N-peptide of syntaxin 1 is
essential for the stable SNARE-Munc18-1 interaction and
for the Munc18-1 stimulation of liposome fusion, in isola-
tion the N-peptide does not form a stable complex with
Munc18-1 (Figure 6A, syx peptide lane), consistent with
previous reports (Dulubova et al., 2003). We also per-
formed reciprocal CoIP experiments by using SNARE an-
tibodies. Either anti-VAMP2 or anti-syntaxin 1 antibodies
could specifically coprecipitate Munc18-1 as well as other
SNARE subunits, while the N-peptide mutations signifi-
cantly reduced the interaction (Figure 6B).
From the liposome fusion results, one can infer that
a SNARE-Munc18-1 complex also forms when the
SNAREs are embedded in proteoliposomes. We next em-
ployed a liposome flotation assay to probe for interactions
between Munc18-1 and membrane-embedded SNARE
complexes (Figure 6C). We found that Munc18-1 effi-
ciently and stoichiometrically bound to liposomes with
WT or open tertiary SNARE complexes embedded in the
lipid bilayer (Figure 6C, lanes 3 and 6). Furthermore,
Munc18-1 stimulated tertiary complex formation between
liposomes (Figure S1). In contrast, Munc18-1 did not bind
to protein-free or v-SNARE liposomes (Figure 6C, lanes 1
and 2), indicating a specific interaction of Munc18-1 with
SNARE complexes.
Surprisingly, when the Habc domain of syntaxin 1 was
removed or when the N-peptide motif was mutated
(Leu8Ala), Munc18-1 still associated with SNARE lipo-
somes (Figure 6C, lanes 4 and 5), suggesting that the
core domains of assembled SNARE complexes constitute
an efficient binding target of Munc18-1 when present on
the surface of a membrane. The higher apparent affinity
for the SNARE core domains in this context may reflect
either conformational changes inherent to membrane-
embedded proteins or binding to higher order SNARE
assemblies, which may arise due to the local concentra-
tion of protein on the membrane surface. Direct binding
to the core domains is consistent with several recent
observations showing that the core regions of SNAREs
can interact with SM proteins mediating Golgi or
endocytic membrane fusion (Carpp et al., 2006; Peng
and Gallwitz, 2004).
Based on these results, we conclude that the primary
target of Munc18-1 during membrane fusion is the tertiary
SNARE complex, which forms multiple contact sites with
Munc18-1 including core regions from both t- and
v-SNARE subunits as well as the N-terminal peptide of
syntaxin 1.
DISCUSSION
SM Protein as a Stimulatory Subunit of Cognate
SNARE Complexes
Our findings position Munc18-1 in a late step of neuronal/
exocytic fusion. Compositionally defined reductionist
systems are limited simplifications of the cellular milieu;
however, physiological relevance can be inferred by the
agreement of our results with a variety of in vivo systems.
(1) Among all known factors essential for synaptic vesicleexocytosis, only Munc18-1 exhibits similar knockout phe-
notypes to SNARE proteins (Jahn and Scheller, 2006;
Sudhof, 2004). (2) The stimulatory activity of Munc18-1
is highly specific and is restricted to neuronal/exocytic
SNAREs, consistent with the compartment-specific func-
tion of SM proteins in membrane transport (Toonen and
Verhage, 2003). (3) Mutations in VAMP2 decrease the
stimulation by Munc18-1 without affecting core SNARE
catalytic function. The same mutations reduce calcium-
triggered exocytosis in vivo (Borisovska et al., 2005;
Sorensen et al., 2002). (4) The stimulation of membrane fu-
sion by Munc18-1 does not require its well-known closed
mode of binding to monomeric syntaxin 1, consistent with
accumulating evidence that abolishment of this binding
mode does not reduce exocytosis in vivo (Ciufo et al.,
2005; Schutz et al., 2005; Weimer et al., 2003).
SM proteins exhibit conserved structures and similar
knockout phenotypes (abrogation of fusion), indicating
a conserved function of SM proteins in membrane fusion.
A major hurdle toward generalizing SM protein function
arises from the heterogeneity of binding modes observed
between SM proteins and individual SNAREs or SNARE
complexes, with the most notable example being the bi-
nary interaction between Munc18-1 and closed syntaxin
1. A noteworthy aspect of our results is the finding that
Munc18-1 interacts with assembled SNARE complexes.
Thus, binding to assembled SNAREs has now been
demonstrated in regulated exocytosis (Munc18-1), consti-
tutive exocytosis (Sec1p), endocytosis (Vps45p), and ER-
Golgi transport (Sly1p) (Carpp et al., 2006; Carr et al.,
1999; Peng and Gallwitz, 2004; Scott et al., 2004), estab-
lishing SNARE complexes as a general target for SM pro-
teins. We suggest that utilizing the assembled SNAREpin
as the principle platform for SM protein binding could be
physiologically advantageous because (1) while individual
SNAREs exhibit diverse conformations, the structures of
assembled SNAREpins, like SM proteins, are highly con-
served across pathways (Ungar and Hughson, 2003);
and (2) by grasping multiple epitopes of the SNAREpin,
which is the driving force for membrane fusion, SM pro-
teins are positioned to regulate both the speed and the
specificity of a fusion reaction.
The N-peptide interaction with Munc18-1 is of an intrin-
sically low affinity or transient lifetime in isolation such that
its detection requires functional interrogation of the full
multiprotein complex. In the context of our functional
assay, this peptide motif is absolutely required for
Munc18-1-dependent stimulation of fusion and is strongly
required for Munc18-1 binding in coprecipitation assays,
suggesting a conservation of function beyond the Golgi
and endosomal pathways where a similar peptide-depen-
dent binding has been observed. Genetic and physiolog-
ical studies, however, come to conflicting conclusions
over the importance of this sequence: in mammalian cells,
inhibition of this binding mode causes defects in ER-Golgi
transport and in Golgi morphology (Dulubova et al., 2003;
Williams et al., 2004; Yamaguchi et al., 2002). In contrast,
in yeast, this mode of binding between syntaxins and SMCell 128, 183–195, January 12, 2007 ª2007 Elsevier Inc. 191
Figure 7. Model for a General Mechanism of SM Protein Function in Cellular Membrane Fusion
(A) SM proteins bind to the core domains of cognate SNARE complexes as well as the N-terminal peptide of syntaxin to stimulate membrane fusion.
Modeled from the crystal structures of the SNAREpin complex (Sutton et al., 1998), the syntaxin 1 Habc domain (Fernandez et al., 1998), and the
Sly1p-Sed5p complex (Bracher andWeissenhorn, 2002). Themodel is intended to depict the two primarymodes of SM-SNARE interaction, although
themolecular details of binding await further experimental and structural studies. Yellow, SMprotein; green, syntaxin; blue, t-SNARE light chains (only
core domains are shown); pink, v-SNARE; red, N-terminal peptide of syntaxin bound to the SM protein. Structures were edited in PyMOL.
(B) Additional role of Munc18-1 in neuronal/exocytic fusion is binding to closedmonomeric syntaxin 1 and preventing SNARE assembly (crystal struc-
ture from Misura et al. [2000]). This mode of activity appears to be unique to Munc18-1 and has not been found in other SM proteins.proteins in either the Golgi or the endosomal pathways is
dispensable under normal growth conditions (Carpp et al.,
2006; Peng and Gallwitz, 2004). Interestingly, in the con-
text of a dominant-negative form of Vps45p, the physio-
logical consequence of the N-peptide mutation becomes
apparent in the yeast endosomal system (Carpp et al.,
2006). We suspect that the functional SM-SNARE com-
plex involves a multitude of protein-protein interactions
(model in Figure 7A) such that point mutations may be
more or less compensated by variances in intracellular
conditions.
In addition to the stimulatory activity likely common
across the SM protein family, Munc18-1 appears to
have evolved functions that are synapse specific. Evi-
dence for both positive and negative roles of Munc18-1
has been reported. Overexpression of Munc18-1 inhibits
synaptic transmission in flies but increases exocytosis in
chromaffin cells, PC12 cells, and motor neurons (Graham
et al., 1997; Toonen and Verhage, 2003; Voets et al., 2001;
Wu et al., 1998). In addition, mutations that aim to abolish
the well-known binary syntaxin 1-Munc18-1 interaction
often do not reduce evoked neuronal fusion and some-
times even lead to increased exocytosis (Ciufo et al.,
2005; Fisher et al., 2001; Richmond et al., 2001; Schutz
et al., 2005). These apparently contradictory observations
can be explained by the dual interactions of Munc18-1
with SNAREs: while interaction of Munc18-1 with the
SNAREpins stimulates membrane fusion (a general func-
tion of SM proteins, Figure 7A), Munc18-1 can also bind192 Cell 128, 183–195, January 12, 2007 ª2007 Elsevier Inc.to closed syntaxin 1 and block SNARE assembly (addi-
tional and unique role of Munc18-1, Figure 7B). In isolated
natural membranes, Munc18-1-bound syntaxin 1 can
readily enter SNARE complexes (Zilly et al., 2006), sug-
gesting that cellular membrane composition or intracellu-
lar conditions determine the degree to which the closed
conformation is inhibitory. Munc18-1 point mutations
that are thought to block the negative action of Munc18-
1 (Misura et al., 2000) and that cause increased exocytosis
in vivo (Wu et al., 1998) do not affect the stimulatory func-
tion of Munc18-1 in our fusion assay (Figure S3); thus, the
two roles of Munc18-1 are biochemically separable. The
dynamic balance between these two branches likely
determines which outcome predominates in observed
overall exocytosis.
Specificity of Cellular Membrane Fusion
Fusion mediated exclusively by specific interactions
between yeast SNARE domains is highly specific (McNew
et al., 2000; Paumet et al., 2005; Paumet et al., 2004): of
the 300 different combinations of yeast SNARE proteins
tested in a liposome fusion assay, only nine give rise to
fusion. Interestingly, of those nine combinations, there
are a limited number of SNAREs that exhibit crosstalk
(i.e., SNAREs that participate in more than one fusogenic
complex), particularly within the endocytic and late exo-
cytic trafficking pathways. Whether and how the yeast
cell specifies targeting in these cases is unknown, in part
due to a confounding aspect of yeast physiology: the
entire endocytic pathway is dispensable for yeast viability
(Holthuis et al., 1998), and thus rigorous control of vesicle
fusion through these pathways may not be essential. To
accommodate their increased complexity, higher eukary-
otes have evolved more SNAREs (Bock et al., 2001).
Mammalian cells encode nearly twice as many SNAREs
as yeast, and the majority of that increase is concentrated
in the endocytic/exocytic pathways, where, for example,
syntaxins 1, 2, 3, and 4 collectively replace the sole yeast
plasmamembrane syntaxin, Sso1p. An intriguing possibil-
ity is that the endocytic system, in which an individual
compartment might participate in vesicle fusion, homo-
typic fusion, and exocytosis, is designed to maximize
flexibility. With an expanded SNARE complement, individ-
ual compartments may harbor unique SNARE signatures,
but functionally these SNAREs maintain the capacity to
fuse with multiple distinct partner membranes.
How then does the more complex mammalian cell
ensure that these vesicles fuse with their proper targets?
We previously suggested that the selective activation or
inactivation of a subset of t-SNAREs might play a role
(Melia et al., 2002; Parlati et al., 1999; Paumet et al.,
2001). The selective activating capacity of Munc18-1
described here provides the first functional evidence
that the SM proteins may serve this function and thus
hold an additional key to the precision ofmembrane fusion
in higher eukaryotes. As the number of SNAREs increased
in mammalian cells, so did the number of SM proteins
(Bock et al., 2001), and, perhaps tellingly, the increase
(from four to seven) arose from duplications of endocytic
(vps33a and vps33b) and exocytic (Munc18-1/a,
Munc18b, and Munc18c) SM proteins. Interactions
between the trans-SNARE coiled-coil region and the SM
protein allow the sequences of both t- and v-SNAREs to
be assessed at each compartment. The SM protein then
augments the free energy of assembly to affect a selection,
activating the fusion of only one or a limited set of possible
SNARE assemblies. This presents an opportunity for
spatial, temporal, or cell-specific tunable selection.
Thus, while target membrane containing syntaxin 1 and
SNAP-25 may fuse with VAMP2-, VAMP3-, VAMP4-,
VAMP7-, or VAMP8-containing vesicles, provision of
Munc18-1 at discrete sites (i.e., active zones or rafts), or
in cells specialized for particular exocytic events (i.e., neu-
rons), will favor the exocytosis of VAMP2/VAMP3 vesicles.
This model fits nicely with reports that yeast SM proteins
can influence the composition of SNARE complexes
(Peng and Gallwitz, 2002, 2004) and stimulate liposome
fusion (Scott et al., 2004), suggesting that the mechanism
described here will be generally applicable to SM-SNARE-
mediated fusion steps.
Ultimately, it is SNAREs that encode both levels of
functional specificity. (1) Highly conserved layer residues
buriedwithin the SNAREpins dictate cognate SNARE pair-
ing, which in many instances is sufficient for organellar
propagation and maintenance. (2) Residues facing the
outer surface of the helical SNARE motif, as well as
sequences outside the SNARE domain, cooperate toform epitopes that bind the SM subunit in a further
cognate match and provide energy to augment the fusion
of a subset of physiologically cognate SNARE pairs.
EXPERIMENTAL PROCEDURES
A more detailed version of the Experimental Procedures can be found
in the Supplemental Data.
Protein Expression and Purification
Full-length mouse VAMP2-His6 (pTW2) and the t-SNARE complex
between mouse His6-SNAP-25 and rat syntaxin 1A (pTW34) were
expressed and purified as previously described (Melia et al., 2002;
Weber et al., 2000). Rat syntaxin 4 and SNAP-23 expression vectors
were generated in a similar way as neuronal SNAREs. Human lyso-
somal/late endosomal SNAREs—syntaxin7, mTlg1/syntaxin8, Vti1b,
and VAMP8—were expressed as previously described (Antonin
et al., 2000; Paumet et al., 2005). Human VAMP3, VAMP4, and
VAMP7 and yeast Snc2p were expressed in a similar way as
VAMP8. Thrombin-cleavable SNAREs were described previously
(Parlati et al., 1999).
Wild-type and mutant Rat Munc18-1/nSec1 (from GST-Munc18-1
template, gift of T. Sollner) was subcloned into a pET28a-based
SUMO vector to obtain a construct encoding a His6-SUMO-Munc18-
1 fusion protein such that the tag could be removed by SUMO
protease.
Proteoliposome Reconstitution
SNARE proteins were reconstituted into proteoliposomes by deter-
gent dilution and isolated on an Accudenz density gradient flotation
as previously described (Weber et al., 1998). SNARE proteins were
kept at physiologically relevant densities, with protein:lipid ratios at
or below 1:180 for v-SNAREs (similar to VAMP2 densities reported
for native synaptic vesicles [Takamori et al., 2006]) and at or below
1:500 for t-SNARE liposomes.
Protein Solution Binding Assays
For GST pull-down assays, glutathione agarose beads (Sigma) bound
to either GST or GST-Munc18-1 proteins were used to pull down
SNARE complexes (WT or mutants). Identities of the proteins in the
complexes were confirmed by western blotting with polyclonal anti-
Munc18-1 (Sigma), monoclonal anti-syntaxin 1 (HPC-1), monoclonal
anti-SNAP-25 (Cl 71.2), or anti-VAMP2 (Cl 69.1) (Synaptic Systems)
antibodies.
In immunoprecipitation, SNAREs were mixed with GST-Munc18-1
lysate for 2 hr at 4C before monoclonal antibodies and protein G
agarose beads (Roche) were added to precipitate protein complexes.
Liposome Fusion Assay
Fusion reactions and data analysis were performed as previously
described (Parlati et al., 1999). A standard fusion reaction contains
45 ml unlabeled t-SNARE liposomes and 5 ml labeled v-SNARE lipo-
somes and was carried out in a 96-well Nunc plate at 37C. Fusion
was followed by measuring the increase in NBD fluorescence at 538
nm (excitation 460 nm) every 2 min. At the end of the 2 hr reaction,
10 ml of 2.5% dodecyl-maltoside was added to the liposomes. The
raw NBD fluorescence data were converted to rounds of fusion by us-
ing an equation as previously described (Parlati et al., 1999). To assem-
ble trans-SNARE complexes, v-SNARE and t-SNARE liposomes were
mixed and incubated at 4C for indicated periods. The maximum
fusion rate within the first 20 min of liposome fusion was used to rep-
resent the initial rate of a fusion reaction. Full accounting of statistical
significance was included for each figure based on at least three
independent experiments.Cell 128, 183–195, January 12, 2007 ª2007 Elsevier Inc. 193
Protein-Liposome Binding Assay
Binding of Munc18-1 to liposomes was carried out by using a flotation
assay essentially as previously described (Tucker et al., 2004).
Munc18-1 was incubated with liposomes at 4C with gentle agitation.
After 1 hr, an equal volume of 80% Accudenz (w/v) in reconstitution
buffer was added and transferred to 5 3 41 mm centrifuge tubes.
The liposomes were overlaid with 200 ml each of 35% and 30% Accu-
denz and then with 20 ml reconstitution buffer on the top. The gradients
were centrifuged for 4 hr at 48,000 rpm in a Beckman SW55 rotor.
Samples were collected from the 0/30% Accudenz interface (2 3
20 ml) and analyzed by SDS-PAGE.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures,
three supplemental figures, and Supplemental References and can
be found with this article online at http://www.cell.com/cgi/content/
full/128/1/183/DC1/.
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